The Sulfolobus solfataricus, strain MT4, p-glycosidase (SsPgly) is a thermophilic member of glycohydrolase family 1. To identify active-site residues, glutamic acids 206 and 387 have been changed to isosteric glutamine by site-directed mutagenesis. Mutant proteins have been purified to homogeneity using the Schistosoma japonicum glutathione Stransferase (GST) fusion system. The proteolytic cleavage of the chimeric protein with thrombin was only obtainable after the introduction of a molecular spacer between the GST and the SsP-gly domains. The Glu387 -> Gin mutant showed no detectable activity, as expected for the residue acting as the nucleophile of the reaction. The Glu206 -» Gin mutant showed 10-and 60-fold reduced activities on aryl-galacto and aryl-glucosides, respectively, when compared with the wild type. Moreover, a significant A^m decrease with p/o-nitrophenyl-P-n-glucoside was observed. The residual activity of the Glu206 -> Gin mutant lost the typical pH dependence shown by the wild type. These data suggest that Glu206 acts as the general acid/base catalyst in the hydrolysis reaction.
Introduction
The Sulfolobus solfataricus P-glycosidase (SsP-gly; EC 3.2.1.x) shows broad specificity against (3-(l-4)-, P-(l-3)-and p-(l-6)-(9-glucosides, and remarkable exo-glucosidase activity against oligosaccharides, which are hydrolyzed from the nonreducing end (Nucci et al., 1993) . This enzyme hydrolyzes P-glycosides, maintaining the anomeric configuration of the substrate; for this reason it can be classified as a retaining glycosyl hydrolase (Moracci et al., 1994) . Like other enzymes from hyperthermophilic Archaea, Ssp-gly is extremely stable to heat with a half-life of 48 h at 85 C C, and displays optimal activity at temperatures >85°C (Moracci et al., 1995a) . The amino acid sequence places the enzyme in glycosyl hydrolase family 1 (Henrissat, 1991) , along with archaeal, bacterial and eukaryal enzymes. Recently the protein has been crystallized in its native form (Pearl et al., 1993) , and resolution of its 3-D structure is currently under way (C. Aguilar et al., manuscript in preparation) .
Retaining glycosidases operate by means of a two-step reaction involving a glycosyl-enzyme intermediate, supported
by two residues in the active site (often carboxylic acids), where one acts as a general acid/base catalyst and the other as a nucleophile (Sinnot, 1990) . In the Agrobacterium P-glucosidase (Abg), belonging to family 1, the attacking nucleophile and the general acid/base have been identified as conserved glutamic acid residues by covalent modification with a suicide substrate and by site-directed mutagenesis, respectively (Withers et al., 1990; Wang et al., 1995) . 3-D structure comparisons and hydrophobic cluster analyses have shown that this system of two catalytic glutamic acid residues in a conserved a/p-barrel fold is common to several glycosyl hydrolase families (Henrissat etal, 1995; Jenkins et al, 1995) . More recently, the resolution of the 3-D structure of two glycohydrolases of family 1 confirmed these observations, showing that the two catalytic residues are separated by the distance expected for retaining glycosidases. The 3-D structure also provided an insight into the active site of the enzymes of this family (Barret et al., 1995; Wiesmann et al., 1995) . In particular, the analysis of the active centre confirms the observation of Davies and Henrissat (1995) , that small differences in the structure rather than the global fold may be responsible for the large variety of substrate specificities observed among glycosidases.
Here we report the construction of SsP-gly mutants which are severely impeded in their activity. A kinetic analysis provides evidence that the mutated residues act as the activesite nucleophile and the general acid/base catalyst.
Materials and methods

Protein expression and purification
Wild-type and mutant enzymes were expressed as fusions with glutathione S-transferase (GST). Fusion proteins were purified from Escherichia coli JM 105 transformed with vectors pGEXGly and pGEX-K-Gly, which were constructed by inserting the S.solfataricus lacS gene from pDAFl (Moracci et al., 1995a) into pGEX-2T and pGEX-2TK (Pharmacia, Uppsala, Sweden), respectively. Bacterial strains expressing GST-Ssp-gly chimeric proteins were grown in Luria-Bertani medium with 50 ug/ml ampicillin at 37°C to 0.6 OD at 600 nm, induced by adding 0.1 mM isopropyl-p-D-thiogalactopyranoside and grown overnight. Cells were harvested by centrifugation at 4000 g at 4°C, resuspended in buffer A [50 mM sodium phosphate buffer, pH 7.3; 150 mM NaCl; 1% (v/v) Triton X-100], and broken by three passes through a French press (American Instrument Company, Travenol Laboratories Inc., Silver Spring, MD). The extract was clarified by centrifugation at 17 000 g, passed through a 0.45 (im filter and loaded onto a glutathione sepharose 4B column equilibrated with buffer A. Binding of the chimeric proteins was monitored by measuring the GST activity in the fractions at room temperature, according to the manufacturer's instructions (Pharmacia). The column was eluted widi buffer B (0.5 M Tris-HCl, pH 8.0; 10 mM reduced glutathione), and fractions displaying GST activity were pooled and incubated with thrombin protease (10 U/mg protein) overnight at 25°C to separate GST and Ssfi-gly. Thrombin cleavage was monitored by SDS-PAGE. Digested samples were applied to a Superdex 200 HG 26/60 FPLC column (Pharmacia) and eluted in buffer A without Triton but with 1 mM dithiothreitol. The wild-type and mutant enzymes displayed the same retention time on this column. Pooled fractions from gel filtration (which SDS-PAGE showed to be >95% pure) were concentrated and dialyzed against 50 mM sodium phosphate buffer, pH 6.5, with 50% (v/v) glycerol, and used in every subsequent characterization. When stored at -20°C, the enzyme preparation was stable for several months. The yield from this procedure was l-2 mg/1 of bacterial culture. Protein concentrations were determined by the method of Bradford (1976) , using bovine serum albumin as standard. Spectrophotometrically, a 10 mg/ml SsP-gly solution in 0.1 M sodium phosphate buffer, pH 6.5, showed an absorbance of 28.78 OD at 280 nm at room temperature. Enzyme characterization Standard assays of Ssp-gly activity against nitrophenyl-glycoside and disaccharide substrates were performed as reported previously (Nucci et aL, 1993) . Kinetic parameters for Ss(3-gly were measured at the indicated pHs and temperatures using aryl-glycoside substrate concentrations ranging from 0.05 to 20 mM. The protein concentrations in the reaction mixture were 0.2-2.0 (Xg/ml for the wild type and 2-10 (J.g/ml for the mutants. The effect of pH on activity was studied using 50 mM sodium citrate (pH 3.0-5.5), 50 mM sodium phosphate (pH 6.0-8.0) and 50 mM potassium chloride/50 mM boric acid (pH 8.2-10.3) buffers (pH values were measured at the temperature of the assay). The stability of the enzyme at each pH was tested before the assay, and activity values were determined only at pH values at which the enzyme was stable at least for 5 min. Thermal activity experiments were performed as reported previously (Moracci et aL, 1995a) . All kinetic data were plotted and refined using the program GraFit (Leatherbarrow, 1992) .
Mutagenesis
The vector pBluMSl used as a template for the site-directed mutagenesis was prepared by ligating a BamH\-Pst\ fragment of pDAFl containing the lacS gene into pBluescript n KS(+) (Stratagene, La Jolla, CA). Site-directed mutagenesis was performed by the method of Mikaelian and Sergeant (1992) based on the PCR. The oligonucleotides used were T7 and 'reverse' sequencing primers (Promega and Stratagene) and the following synthetic oligonucleotide (Primm, Milan, Italy): 5'-TATTATAGCGAGGTCGACGGTATCG-3', where the bold 5' end represents mismatched nucleotides.
Mutagenic oligonucleotides, designed according to Kuipers et aL (1991) , were purchased from Pharmacia and were as follows (mismatches are in bold): E206Q, 5'-ACTCAACAAT-GAATCAACCTAACGTTGTT-3'; E387Q, 5'-CTATATGTA-CGTTACTC A AA ATGGTATTGCGG A-3'.
Amplified DNA fragments were purified by agarose gel electrophoresis, digested with Xbal and cloned in vector pGEM3 (Promega). Mutant clones were identified by direct sequencing, and restriction fragments containing the mutation were completely re-sequenced and substituted for the corresponding fragments in the wild-type pGEX-K-Gly.
Results and discussion
Family 1 of glycosyl hydrolases includes enzymes with different substrate specificities: p-glycosidases with broad specificity, 6-phospho-p-gluco and (3-galactosidases, myrosinases and lactases. These retaining enzymes utilize a double displacement mechanism. During the first step, a carboxylic acid residue acting as the nucleophile displaces the glycosidic oxygen and releases the aglycon, in a process that requires the assistance of a general acid catalyst, resulting in a covalent glycosylenzyme intermediate. During the second step, the general base catalyst promotes water attack to the anomeric centre of the glycosyl-enzyme intermediate, releasing the sugar and the free enzyme. The double role of a general acid/base catalyst is played by the same carboxyl group.
The two carboxylic residues essential for catalysis in Sspgly were searched for among the glutamic and aspartic acids conserved in mesophilic and thermophilic members of family 1. The glutamic acid 206 and 387 residues of SsP-gly, found in the two fully conserved motifs Asn-Glu-Pro and Glu-AsnGly (Figure 1 ), respectively, correspond to the general acid/ base catalyst and the nucleophile identified previously in the active site of Abg (Withers et aL, 1990; Wang et aL, 1995) .
Glu206 and Glu387 were changed to glutamine by sitedirected mutagenesis. The substitution of glutamate by the isosteric glutamine was chosen to delete the charge without introducing major changes in the local structure of the sites. To facilitate the purification of proteins expected to have impaired enzyme activity, wild-type and mutant enzymes were expressed by fusing their N-termini to the Schistosoma japonicum GST. Unfortunately, the GST-SsP-gly chimeric proteins, expressed by the pGEXGly vector, were found to be resistant to thrombin hydrolysis, thus indicating that the SsPgly N-terminus is not accessible to thrombin. A similar result was reported for a barley P-glucanase (Chen et aL, 1995) . This problem was overcome by constructing the pGEX-K-Gly vector in which the recognition sequence of the cAMPdependent protein kinase acts as a spacer between the thrombin cleavage site and the N-terminus of the SsP-gly (Moracci et aL, 1995b) . Chimeric proteins expressed from this vector were cleaved efficiently, producing recombinant or 'long' forms with a seven-residue extension at their N-terminus. The recombinant enzyme containing the wild-type Ssp-gly coding sequence did not differ significantly from the native form with regards to the pH optimum, thermostability, thermophilicity and kinetic parameters (data not shown). Hence, the SsP-gly 'long' form was used in the subsequent characterization and will be referred to as 'wild type' throughout this paper. The use of the recognition sequence of the protein kinase as a spacer between domains in GST fusions may be applied to other enzymes with buried N-termini. Table I compares the specific activity of the wild type and of the two mutants on several substrates at 65°C. The Glu387 -> Gin mutant is totally inactive against all the substrates tested. The complete inactivity showed the absence of contamination with the wild-type enzyme, and did not allow reliable estimates of kinetic parameters to be obtained. The mutation did not affect the overall structure of the molecule, as tested by far-UV CD spectra at 20 and 75°C (data not shown). The Glu387 is fully conserved in family 1; the mutation of the corresponding glutamic acid residue to glutamine in the Pyrococcus furiosus p-glucosidase led to a reduction in the specific activity of >10 3 -fold (Voorhost et aL, 1995) . These data are consistent with the function of Glu387 as the attacking nucleophile.
The Glu206 -» Gin mutation strongly affects, but does not completely abolish, glycosidase activity. Although the mutant was found to be completely inactive on disaccharides ( Fig. 1 . Amino acid sequence alignment of enzymes of the glycohydrolase family 1. Alignment was performed using the program PILEUP. Numbers on the left represent the residue numbers of the first amino acid of each line. The glutamic acid residues changed to glutamine by site-directed mutagenesis in SsfJ-gly are indicated by an asterisk. The conserved motives Asn-Glu-Pro and Glu-Asn-Gly are underlined. Residues that make up the active centre in Cbg of T.repens and are invariant in all sequences are labeled by a circle. Trpl38, Glyl86 and Val254 in the Cbg of T.repens are marked by arrows. Abbreviations used and Swiss-Prot Data Bank accession numbers are as follows: Abg, Agrobaclerium sp. fi-glucosidase (P12614); Bci, B.circulans p-glucosidase (Q03506); BpA, B.polymixa fi-glucosidase A (P22073); BpB, B.polymixa p^glucosidase B (P22505); Cbg, T.repens cyanogenic p^-glucosidase; Csa, Caldocellum sacchawlyiicum fi-glucosidase A (P10482); Cth, Clostridium thermoceUum p^-glucosidase A (P26208); Pfu, Rfuriosus P-glucosidase (U37557); Tma, Thermotoga maritima P-glucosidase A (Q08638); Sgal, S.solfaiaricus (strain DSM1616) (5-galactosidase (P14288); Sgly, S.solfataricus (strain MT4) fi-glycosidase (P22498). The amino acid sequence of T.repens Cbg was obtained from the Brookhaven Protein Data Bank because the sequence in the Swiss-Prot Data Bank did not correspond to that reported by Barret et al. (1995) . I), and lacked any transglycosylating activity (M. Moracci and A.Trincone, unpublished results) , it showed a residual activity on p/o-nitrophenyl-P-D-glycosides (Table I) . Kinetic constants were determined for the Glu206 -> Gin mutant at 65°C and compared with values obtained for the wild type (Table II) . A 10-to 30-fold decrease in the K m value and a 60-fold decrease in the k^ value on p/oNpGlu occurred upon mutation, suggesting that the glycosyl-enzyme intermediate accumulates during the reaction, k,.^ values on p/oNp-fJ-D-galacto and fucoside (/j/oNpGal and Fuc) were found to have lower reduction levels. Furthermore, the tccJK m ratio decreased to different extents using the different substrates; whereas values obtained with aryl-gluco-and aryl-fucosides were barely affected (1.6-and 6.0-fold reductions, respectively), a 14-and 33-fold reduction occurred respectively with aryl-galactosides. These results suggest that p/oNp-gluco-and -galactoside substrates make different interactions with the Glu206 residue in the Ssp-gly active site. This may reflect the differences in enantioselectivity towards secondary hydroxyl groups of 1,2-diols shown by Ssp-gly in the transglycosylation reaction using phenyl-p-D-gluco-and -galactosides as glycoside donors (Moracci et al, 1994) .
It has been reported that adding small nucleophiles such as azide partially restores the activity of the Abg mutant in which the general acid/base residue has been changed to glycine (Wang et al., 1995) . In contrast, the addition of azide and other nucleophiles to the reaction mixture did not significantly affect the activity of the Glu206 -> Gin mutant (data not shown). This difference may be ascribed to the different nature of the substituting residues, because the glycine may permit the access of small nucleophiles to the active site whereas the larger glutamine may not.
Proof that the general acid/base catalyst of a glycohydrolase •Values are shown as U/mg at 65°C. b NA (no measurable activity) means that, using concentrations of enzyme of 10 Hg/ml in the assay, the rates of change in absorbance did not vary by altering the substrate concentrations, and were approximately the same as in the control without substrate (typically <0.001 has been removed is indicated by the change in activity versus pH upon mutation. Therefore we determined the pH dependence of the hydrolysis of pNpGal substrate for the wild type and the Glu206 -> Gin mutant at 65°C (Figure 2) . The wild-type SsP-gly showed a typical bell-shaped curve, with maximum activity at pH 6.5, suggesting that two amino acid side chains with pK a values of 6.0 and 7.6 are involved in the catalysis. This result is in agreement with the abnormally high pK a value (6.8) found for the glutamic acid acting as the general acid/base in the active site of the Bacillus circulans xylanase (Davoodi et al., 1995) . The Glu206 -» Gin mutation strongly affected the activity dependence on pH, confirming that the residual activity measured is due to the mutant itself and not to contamination with the wild type. The low activity of Glu206 -» Gin on pNpGal showed the same thermal activation of the wild type. In addition, no anomalous Arrhenius behavior was detected over the whole temperature range for both enzymes (Figure 3) . These results, and far-UV CD spectra at 20 and 75°C (data not shown), suggest that the Glu206 -» Gin mutation specifically affects catalysis with minor changes to the general 3-D structure.
The results presented strongly suggest that glutamic acid 206 in Ssp-gly works as the general acid/base catalyst in the hydrolysis reaction. The studies reported so far on glycohydrolases mutated in the general acid/base catalyst demonstrate that the kinetic parameters can be affected to different extents. In Abg, the mutation Glu -» Gly resulted in a lO^fold reduction in the value of k ml of the hydrolysis reaction on pNpGlu (Wang et al., 1995) ; in the Staphylococcus aureus 6-phosphop-galactosidase, the corresponding mutation to glutamine 10 pH -fold reduction of the k m value on o-nitrophenyl-p-r>galactoside-6-phosphate (Witt et al, 1993) . However, in the exoglucanase/xylanase from Cellulomonas fimi, the mutation of the general acid/base catalyst to glycine resulted in only a 200-and 20-fold reduction for the k cat and KJK m values, respectively, on p-nitrophenyl-p-D-cellobioside (MacLeod et al, 1994) . The reasons for these differences are not clear; it is possible that enzymes with different substrate specificities require the assistance of the general acid/base catalyst to varying extents (Wang et al, 1995) .
Non-covalent interactions play a crucial role in the catalysis of glycohydrolases (Namchuk and Withers, 1995) ; therefore, residues surrounding the fully conserved active-site amino acids may affect the catalytic mechanism. The analysis of the 3-D structure reported recently for a phospho-fi-galactosidase from Lactococcus lactis and a cyanogenic (3-glucosidase from Trifolium repens (Cbg) provided more information on the amino acids involved in the catalysis of family 1 enzymes (Barret et al, 1995; Wiesmann et al, 1995) . In Cbg, three residues (Trp, Gly and Val, indicated by an arrow in Figure  1 ) are thought to contribute to the increase in pK a of the general acid/base catalyst Glul83 (Barret et al, 1995) . We noticed that the glycine and valine are not perfectly conserved among family 1 enzymes, and in SsP-gly they are substituted by valine and alanine, respectively. Interestingly, Val209 is invariant in archaeal and bacterial thermophilic (3-glycosidases, and AIa263 is fully conserved among archaeal thermophilic enzymes. It is tempting to speculate that in active sites evolved to promote activity at high temperatures a particular amino acid environment is required to maintain the appropriate pK a value of the general acid/base catalyst. Furthermore, at high temperatures the substrate may assume conformations that need a structural environment different from that of mesophilic enzymes. Studies are in progress to identify additional residues involved in the activity of SsP-gly and to clarify their role in the catalytic mechanism.
